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Abstract flight to wind-tunnel correlations were generally good,

Pressure distributions have been reported at angles
of attack from 10° to 50° and at Mach 0.23 to 0.60
at five fuselage stations on the forebody and at three
fuselage stations on the leading-edge extensions of the
NASA F-18 high alpha research vehicle (HARV). The
reported results have been correlated with flow visu-
alization results obtained during a previous investiga-
tion on the HARV and with test results obtained from
a 6-percent-scale F-18 wind-tunnel model. A general
trend in the data from the forebody was for the maxi-
mum suction pressure peaks to first appear at angle of
attack (@) ~ 19° and increase in magnitude as angle of
attack was increased. The general trend of the leading-
edge extension (LEX) pressure distribution was the in-
ward progression of the maximum suction peaks, the
increase in magnitude of the maximum suction pres-
sure peaks up to vortex core breakdown, and then the
decrease and general flattening of the pressure distribu-
tion beyond the LEX primary vortex core breakdown.
No significant effect of Mach number was noted for the
forebody results for the Mach number range reported.
However, at all three LEX orifice stations a substantial
compressibility effect resulted in a significant reduc-
tion in vortex-induced suction pressure as Mach num-
berincreased. The forebody primary and the LEX sec-
ondary vortex separation lines, as identified by the sur-
face flow visualization, correlated well with the end
of pressure recovery, leeward and windward respec-
tively, of the maximum suction pressure peaks. The
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Nomenclature
Co pressure coefficient
Cy pressure coefficient corresponding

to local speed of sound,

= (i) { (=) -1}

CFD computational fluid dynamics
CRT cathode ray tube

d diameter of fuselage forebody, in.
dwmax diameter of fuselage forebody along
major axis, in.

min diameter of fuselage forebody along
minor axis, in.

ECM electronic counter measures

ES. fuselage station, in. (nose apex at
59.82 in.)

HARV  high alpha research vehicle

HATP  High Alpha Technology Program

LEX leading-edge extension

LSB laminar separation bubble

Z length of aircraft from nose apex to

engine exhaust plane, 54.4 ft
My free-stream Mach number

m.ac. mean aerodynamic chord, 11.525 ft
PCM pulse code modulation

PROM  programmed read only memory

R reattachment line location

Rez Reynolds number based on mean



aerodynamic chord
Rey Reynolds number based on diameter

Rey Reynolds number based on local
maximum fuselage diamctcr, corrected
for angle of attack using the method of

Ref. 17

S primary separation line location

S secondary separation line location

S3 tertiary separation line location

s local span distance from LEX fuselage
junction to LEX leading edge, in.

x distance from nose apex along longitudinal
axis of aircraft, ft

y distance along LEX local semispan, in.

a aircraft angle of attack, deg, right wingtip
angle-of-attack vane corrected for
upwash and boom bending

o angle of attack used in the determination

of Rey (at E.S. 70, 85, and 107,

o = o — 5.6° because the nosecone
is depressed from the horizon 5.6°;
atF.S. 142 and 184, o/ = a)

B aircraft angle of sideslip, deg, average of
lefi- and right-wingtip sideslip vanes
corrected for angle of attack

differential
ratio for specific heats of air, 1.4

0 forebody cross-section circumferential
angle, deg, (0° is bottom centerline,
positive is clockwise as seen from a
front view, 0° to 360°)

Introduction

In recent years, more emphasis has been placed on
expanding the envelooe of fighter aircraft to include
controlled flightat..., . _ attack. Fighters such
as the F-18 and F-16 aircraft utilize leading-edge ex-
tensions (LEXs) or wing body strakes which provide
additional lift because of the vortical flow these de-
vices develop at moderate-to-high angles of attack.!
However, the prediction and control of this vortical
flow and the mutual interactions of the vortices are not
well understood. The combined effect of the LEX or
wing body strake vortices, as well as the forebody vor-
tices on the vehicle acrodynamics, must be considered
to avoid any adverse stability and control and other
problems such as buffet.

Understanding the vortical flow interactions on
scale models in wind tunnels can be difficult. Experi-
mental tests in wind tunnels with different scale mod-
¢ls have provided conflicting results, even with tests
conducted at the same Reynolds number.2 In such sub-
scale model tests, the interaction of the forebody and
LEX vortices on 6- and 7-percent scale F-18 mod-
els typically resulted in apparent lateral stability for
all angles of attack, including stall and poststall re-
gions. However, airplane flight data and wind-tunnel
test results for the large-scale (16 percent) model, at
low Reynolds numbers, indicated a region of lateral in-
stability near maximum lift. This apparent scale effect
still has not been resolved. Understanding such scale
effects is essential for the successful design of future
fighters intended to operate at high angles of attack.

Currently NASA is conducting a High Alpha Tech-
nology Program (HATP) to increase the understand-
ing, improve prediction techniques, provide design
guidelines, and investigate new concepts for vortex
control on advanced, highly maneuverable aircraft at
high angles of attack. This program utilizes the F-18
configuration as a validation and demonstration ap-
proach. It consists of wind-tunnel tests of subscale3—*
and full-scale models and components; calibration for
computational fluid dynamics (CFD) codes,’~9 pi-
loted simulations, and full-scale flight testing.10-16
(Also: Fisher, D.F,, Curry, R.E., Del Frate, J.H., and
Richwine, D.M., paper to be published in the serial
Flow Visualization V, and Fisher, David F,, Del Frate,
John H., and Richwine, David M., NASA Technical
Memorandum, to be published.)

As part of this program, extensive pressure distri-
bution and flow visualization studies have been con-
ducted on the NASA F-18 high alpha research ve-
hicle (HARV) at the Ames Research Center, Dryden
Flight Rescarch Facility. Surface and off-surface flow
visualization results (obtained in-flight on the NASA
F-18 HARYV, highlighting the extensive vortical three-
dimensional separated flow on the aircraft at angles of
attack up to 55°) have been reported in Refs. 10-15.

In this paper, results from pressure measurements on
the forebody and the leading-edge extensions (LEX)
are reported from both stabilized and dynamic flight
conditions, at Mach 0.23 to 0.60, and at Reynolds num-
bers up to 25 x 10° based on wing mean acrody-
namic chord (m.a.c.). Also presented are correlations
with previously obtained results from flow visualiza-
tion and from wind-tunnel pressure measurements on
subscale models.



Vehicle Description

The NASA HARYV (Fig. 1) is a single-place prepro-
duction F-18 aircraft built by the McDonnell Douglas
(St. Louis, Missouri) and Northrop (Newbury Park,
California) corporations. It is powered by two GE
(General Electric, Lynn, Massachusetts) F404-GE-400
afterbumning turbofan engines. The aircraft features a
midwing with leading- and trailing-edge flaps which
operate on a schedule that is a function of angle of at-
tack and Mach number. For free-stream Mach num-
ber (M) < 0.76 and angle of attack (a) > 26°,
the leading-edge flap is down 34° (maximum), and the
trailing-edge flap is at 0°. Leading-edge extensions are
mounted on each side of the fuselage from the wing
roots to just forward of the windscreen. The aircraft
has twin vertical stabilizers canted out 20° from the
vertical and differential all-moving horizontal tails,

The NASA F-18 HARY, with the current flight con-
trol computers and control laws (8.3.3 programmed
read only memory (PROM) set), is flown by NASA pi-
lots in the fighter escort configuration without stores.
The aircraft carries no missiles and the wingtip
Sidewinder missile launch racks have been replaced
with special camera pods and wingtip airdata booms.
The flight test noseboom has been removed from the
aircraft and a NASA flush airdata system!® has been
installed. The aircraft has an unrestricted angle-of-
attack flight envelope in this configuration, with the
center of gravity between 17 percent and 25 percent
m.a.c., as defined by the Naval Air Training and Oper-
ating Procedures Standardization (NATOPS) manual.

Experiment Description

Pressure measurements were made on both the
forebody and the LEXs of the F-18 HARV at se-
lected fuselage locations. These fuselage locations
correspond with orifice locations on both the 6- and
16-percent scale models.

Five rings of static pressure orifices were in-
stalled on the fuselage forward of the canopy as
shown in Fig. 2. At the first 2 rows, fuselage sta-
tion (F.S.) 70 (ratio of length from apex to fuselage
length (z/£) = 0.015) and ES. 85 (z/£ = 0.038), 30
static pressure orifices were equally spaced about the
nosecone. Two extra orifices were located at the fore-
body cross-section circumferential angle () = 90°
and 270° (0° is bottom centerline, positive is clock-
wise as seen from a front view, 0° to 360°). At
the last 3 rows, ES. 107 (z/¢ = 0.071), ES. 142

(z/£=0.126), and ES. 184 (z/£ = 0.190) 64 orifices
were spaced about the fuselage at each location with
orifices more closely spaced (every 3°) on the upper
surface where larger pressure gradients were expected.
At FS. 184, two large vents for the gun bay were lo-
cated on the lower portion of the fuselage and no ori-
fices were installed there.

Both the left and right LEXs were instrumented
with three rows of pressure orifices located at F.S. 253
(z/2 = 0.295), FS.296 (z/¢ = 0.361), and FSS. 357
(z/€ = 0.454). Approximately 13 to 20 orifices were
installed at each station on the upper surface of each
LEX and 4 to 5 at each station on the lower surface,
respectively. The orifices were located with the clos-
est spacing near the leading edge. A total of 384 sur-
face static pressure measurements were made on the
fuselage and LEXs.

A cross section of the orifice stations and the ori-
entation of the orifices is given in Fig. 3. The view
is looking aft on the aircraft with the bottom fuselage
centerline at 0° and the top centerline fuselage at 180°.
The first three fuselage stations were circular in cross
section and were canted forward 5.6° to coincide with
the depression of the nosecone centerline. At F.S. 142
and ES. 184, the fuselage cross section became some-
what elliptical with the major axis in the vertical plane.
The ratio of the major to minor axis was 1.10 and 1.35
forF.S. 142 and F.S. 184, respectively. At the LEX sta-
tions, y/s = 0.0 is defined as the LEX fuselage junction
while y/s = 1.0 is the leading edge of the LEX, +1.0
for the left-LEX leading edge and —1.0 for the right-
LEX leading edge.

Several protrusions and discontinuities on the fuse-
lage should be noted. The nosecone was generally
smooth and free of discontinuities, with the nosecone—
fuselage junction at F.S. 128.5. Two small elliptical-
shaped electronic counter measures (ECM) antenna
covers, Fig. 4(a), were located on the sides of the fuse-
lage centered at F.S. 134, § = 85° and 275° and were
approximately 9.5 in. long, 4 in. wide and protruded
approximately 1.7 in. Located on the upper surface,
between E.S. 128.5 and F.S. 188 and between § ~
138° and 165°, were doors covering the in-flight refu-
eling probe. While these doors were nominally flush,
there were gaps and small protrusions present. Two
small production angle-of-attack vanes were installed
at E.S. 165, one at 8 ~ 70° and the other at § ~ 290°,
Two aircraft production pitot-static probes, Fig. 4(a),
were located on the lower fuselage at F.S. 164 to
ES. 177 and 6 = 35° and 325°. On this preproduction



aircraft, the gun port exits normally located on the up-
per centerline near F.S. 122, were replaced by a fairing
without ports. Of the protrusions noted, the ECM an-
tenna covers and the production pitot-static probes had
the greatest effect on the pressure distributions, as will
be shown later. The LEX, Fig. 4(b), was virtually free
of significant protrusions forward of the orifice rows.

Instrumentation

Each orifice on the forebody was connected to
temperature-controlled electronic scanning pressure
modules with 6 ft of 0.062-in. id pneumatic tubing,
On the LEXS, the tubing for each orifice was matched
in length at each orifice row but varied from 2 1/2 to
3 1/2 ft at the three stations. It was previously deter-
mined that 8 ft of 0.062-in. flexible tubing would have
a pneumatic lag of approximately 10 msec at an alti-
tude of 20,000 ft.!¢ Reference pressure for the mod-
ules was supplied through 1/4-in, tubing to a refer-
ence pressure tank with an internal volume of 50 in
located in the forebody, vented to the radome com-
partment, and monitored by a high-resolution absolute
pressure transducer. The pressure transducer within
each module was scanned sequentially 25 times/sec
by a 10-bit pulse code modulation (PCM) data sys-
tem. In-flight zero differential pressure readings were
taken before each test point and were used during post-
flight data reduction to correct the data for calibra-
tion offsets. On the forebody, 4216 1b/fi? differen-
tial range transducers were used while +720 1b/ft?
differential range transducers were used on the LEXs.
Accuracy for the forebody pressure measurements
is estimated to be 1 1b/f® and 3.5 Ib/fi2 for the
LEX measurements.

Airspeed, altitude, angle of attack, and angle of
sideslip were measured using airspeed booms mounted
on specially designed wingtip photo pods as shown
in Fig. 5. On the right wingtip, Fig. 5(a), a standard
NACA noseboom!® was installed with the tip mounted
7.3 ft forward of the wingtip leading edge. On the left
wingtip a swiveling probe, Fig. 5(b), was similarly lo-
cated. The swiveling probe was designed with four
vanes to align the probe head with the local airstream.
The probe could align with the airstream for aircraft
angles of attack from —10° to +50° and angles of

sideslip greater than +20°. Free-stream Mach num-
ber, altitude, and dynamic pressure were determined
using calibrated data from the swiveling probe on the
left wingboom. Aircraft angle of attack was mea-
sured by using a vane on the right wingboom and
corrected for upwash and boom bending. Angle of
sideslip was determined as the average of the left- and
right-wingboom sideslip vane measurement corrected
for angle of attack. From unpublished data, it is esti-
mated that angle of attack and angle of sideslip were
accurate to +0.5° for angles of attack up to 40°, and
+1° for angles of attack up to 50°. It is also estimated
that M is accurate to 40.005 at o = 50°, and +0.003
for angles of attack below 30°.

The data from the above measurements, as well as
the standard aircraft control positions, inertial system,
and accelerometer parameters were transmitted to a
ground station. These critical parameters were moni-
tored by engineers and technicians in real time on strip
charts, cathode ray tube (CRT) displays, and pressure
distribution plots.

Flight Test Conditions

Data were obtained in both quasi-stabilized 1-g
flight maneuvers, as well as windup tums and spi-
ral dives. Data were obtained at nominal altitudes of
20,000 and 45,000 ft. At the higher angles of attack,
constant altitude could not be maintained during the
1-g maneuvers and data were obtained in a descent.
During the windup turns and spiral dives the maneu-
vers were much more transient. In the first case the
Mach number decreased rapidly. In the second case the
altitude decreased rapidly. As mentioned previously in
the Instrumentation section, the frequency response of
the pressure system was less than 10 msec and little
lag was introduced. Time segments of 0.4-sec dura-
tion were used for data analysis purposes, with approx-
imately 10 time-points averaged.

Results and Discussion

Forebody Results

The forebody pressure distribution results are pre-
sented as pressure coefficients as a function of circum-
ferential angle, (6) for each of the five forebody sta-
tions. The effect of angle of attack and Mach num-
ber, as well as the correlation with flow visualiza-
tion and wind-tunnel test results, are presented in the
following sections.



Effect of Angle of Attack

The effects of angle of attack on the forebody pres-
sure coefficients are presented in Fig. 6 for angles of
attack from 10° to 50°. These data are at low speed
(0.23 < M, < 0.40) and 1-g flight conditions. At
ES. 70,ES, 85, and ES. 107 and starting at o = 19.7°,

Fig. 6(a), the flow accelerated around the forebody and -

induced a pair of maximum suction presspre peaks on
the side of the fuselage at § ~ 120° and 240°. As
the angle of attack was increased, these maximum suc-
tion peaks became much more pronounced and moved
down around the fuselage to 6 ~ 95° to 100° (~260°
t0 265°) at o = 50°, Fig. 6(c). AtFES. 85 and ES. 107,
“footprints” 4 of the forebody primary vortex pair are
indicated by suction pressure peaks at § = 168° and
192° which started at o = 34.3°, Fig. 6(b), and became
more negative as the angle of attack was increased.
These footprints or suction peaks indicate the pres-
ence of the primary vortex cores above the surface.!? It
should be noted that at these fuselage stations the pres-
sure distributions in all cases are very symmetrical for
B ~ 0°, for angles of attack up to 50°.

At FS. 142, sharp peaks at § = 90° and 270° in
the pressure coefficient curve starting at o = 19.7°,
Fig. 6(a), are the result of local separation behind the
two small elliptical-shaped ECM antenna covers de-
scribed previously in the Experiment Description sec-
tion. As the angle of attack is increased to 50°,
Fig. 6(c), these peaks move up around the fuselage to
6 = 108° and 252°,

AtFES. 142, the forebody cross section has become
elliptical in shape. The maximum suction pressure
peaks at this location have become flatter and the mag-
nitude somewhat diminished above o ~ 25° or 30°,
Figs. 6(b) and (c), compared to the three forward sta-
tions. Distinct footprints of the primary vortex are
present near § ~ 160° and 200°, beginning around
a =25°, Fig. 6(b). These footprint peaks are less dis-
tinct at § ~ 160° than at § ~ 200° because this area
of the aircraft contains the doors for the in-flight re-
fueling probe. This area is not as smooth and flush
as the left side where there are no doors, joints, or
other discontinuities. These footprint peaks reach the
maximum level at « = 45°, diminishing significantly
in magnitude at o = 50°, probably indicating that the
vortices have begun to lift from the surface. Again, the
pressure distributions are generally symmetrical with
the differences accounted for by local protuberances
or discontinuities.

At FS. 184, thc maximum suction pressure peaks
have moved up to § ~ 120° and 240°, Figs. 6(b) and
(c), because of the local influence of the LEX. At
this station, the apex of the LEXSs is only 13 in. aft,
Fig. 4(a), and is located at § ~ 123° and 237°. As
seen in Fig. 4(a), the surface streamlines are pulled
up and over the LEX for &« ~ 26°. The maximum
suction peaks above o ~ 25° are further reduced in
magnitude compared to F.S. 142 because the primary
vortices are lifted further from the surface. The pri-
mary vortex footprints can still be observed at o> 25°,
Figs. 6(b) and (c), but the footprints are more dimin-
ished in magnitude compared to those at F.S. 142. For
a = 34.3° and greater, the peaks in the pressure coef-
ficient curves at 8 ~ 48° to 60° and § ~ 300° to 312°
are the result of local separation caused by the aircraft
production pitot-static probes mentioned previously in
the Experiment Description section. Again, at this lo-
cation, the pressure distributions are nearly symmetri-
cal with only small differences in the primary vortex
footprint resulting from discontinuities caused by the
refueling probe doors.

The general trend in the data from the forebody is for
the maximum suction pressure peaks to first appear at
a ~ 20° and increase in magnitude as angle of attack
is increased. In addition, the footprints of the primary
vortex first appear at o ~ 25° at ES. 142 and F.S. 184
and progress forward toward the nose apex as the angle
of attack is increased.

In Fig. 7, forebody pressure distributions are pre-
sented for angles of attack from 9.9° to 38.5° and at
Mach 0.60. In this figure, the value for the pressure
coefficient corresponding to the local speed of sound
(C;) is shown by the asterisk on the abscissa. Because
the forebody pressure coefficients were more positive
than C; for all cases presented the flow was subsonic.
The data at M., = 0.60 show similar trends to the
data previously discussed. Maximum suction pressure
pairs at the first three fuselage stations first became evi-
dentata=19.1°,Fig. 7(a), and increased inmagnitude
as angle of attack increased to 38.5°, Fig. 7(b). The
footprints of the primary vortex were evident at o =
38.5° atF.S. 85, and at a = 30.0° and 38.5° atE.S. 107.

AtF.S. 142, the effect of the side-mounted ECM an-
tennas can be seen again in the pressure distributions
near = 90° and 270°, Fig. 7. The maximum suction
pressure pairs peak at § ~ 68° and 292°. The footprints
of the primary vortex pairs at § ~ 160° and 200° first
appear at o = 25.6°, Fig. 7(b), and are maximum at the
highest angle of attack reached, 38.5°.



The magnitude of the pressure distributions at
F.S. 184, Fig. 7, are generally flatter and at or below
the magnitude of those at ES. 142. The effect of the
production pitot-static probes can be seen again at o« =
38.5° and at = 48° and 312°, Fig. 7(b).

Effect of Mach Number

Figure 8 shows the data for all five orifice stations
on the fuselage for Mach 0.26 to 0.60 for « ~ 31°.
Only a very small effect of Mach number is noted at
the fuselage locations for the Mach number range re-
ported. At the first four stations, the M., = 0.60 data
are slightly more negative than the data at M, = 0.26.
At F.S. 184 the data at M, = 0.26 are slightly more
negative.

Also given in Fig. 8 are the effective Reynolds num-
bers based on local maximum fuselage diameter cor-
rected for angle of attack (Rez)!”. Reynolds num-
bers based on diameter ( Reg) are commonly used to
describe the flow about cylinders. Reynolds numbers
based on diameter (Req) <2 x 10° are generally con-
sidered subcritical where the flow is laminar and lam-
inar separation occurs. At Reg between 2 x 10° and
4 x 10°, the flow is critical and laminar separation is
followed by turbulent reattachment enclosing a bub-
ble. Reynolds numbers based on diamter (Re ) greater
than 4 x 10° are supercritical or hypercritical where
transition moves forward, eventually to the vicinity of
the forward stagnation point. In Fig. 8, all data are in
the supercritical Reynolds number range or higher for
cylinders. At this Reynolds number range, a limited
amount of data for cylinders in cross flow in Ref. 17
would predict a significant Mach number effect which
was definitely not observed in the flight data shown in
Fig. 8.

Correlation of Forebody Pressure Distributions
with Flow Visualization Data

Surface flow visualization using the emitted fluid
technique was previously obtained on the F-18
HARV.12—14 Selected results are presented in Fig. 9
for angles of attack of 30° and 47°. Noted in the fig-
ures are the primary vortex separation lines (S}), scc-
ondary vortex separation lines (S3 ), reattachment lines
(R), and laminar separation bubbles (LSBs), as deter-
mined by surface flow visualization. Also shown in
Fig. 9(a) is a schematic of the flow about the forebody.

In Fig. 10 these results are correlated with forebody
flight pressure distributions at o = 30.0° and 48.1°.
The surface flow visualization and the forebody pres-
sure measurements were obtained on separate flights.
Some variation in the results can therefore be expected
because of slightly different test conditions and test
techniques.

At ES. 70, (Fig. 10(a)) for a ~ 30° and at ES. 70,
ES. 85, and ES. 107 (Fig. 10(b)) for o ~ 47°, LSBs
were identified in the surface flow visualization.!4
Laminar separation bubbles are more closely identi-
fied with the critical Reynolds number range (2 x 10°
< Rey <4 x 10°) than the supercritical range (4 x 10°
< Reqg<6 x 10°).17 AtES. 107, Fig. 10(b), the LSBs
located by the surface flow visualization at § = 113°
and 247°, correlate well with the kinks in the pressure
distribution at 6 = 108° to 114° and 9 = 246° to 252°.
This is consistent with the discussion in Ref. 20 where
the kink or flattening in the pressure distribution was
correlated with an LSB for a tangent-ogive cylinder.

Laminar separation bubble kinks in the pressure dis-
tribution are also noted for the data at o = 30° at
ES. 107, Fig. 10(a), though laminar separation bub-
bles were only noted in the surface flow visualization
near F.S. 70. Unfortunately, the orifices at F.S. 70 and
ES. 85 were not dense enough to define the kinks in
the pressure distributions as a result of the LSBs. The
kinks on the windward side of the maximum suction
pressure peaks at ES. 107 for 6 = 84° to 90° and 6 =
270° to 276° are not explained at this time. No devia-
tions in the surface streamlines were detected in the
flow visualization at these circumferential locations.
The discontinuities of the nosecone—fuselage junction
precluded any laminar flow on the forebody beyond
F.S. 128.5. The peaks in the pressure distributions for
ES. 142 at § ~ 95° and 265° (Fig. 10(a)) are caused
by the ECM antenna covers as noted earlier.

The primary separation lines (S;) as identified by
the surface flow visualization in Fig. 9, occurred at the
end of pressure recovery on the leeward side of the
forebody. This can be seen in Fig. 10(a) at E.S. 142
and F.S. 184 and in Fig. 10(b) at F.S. 85 to FE.S. 184.
This also agrees well with the data of Refs. 19 and 20
for a cone and an ogive. The secondary vortex separa-
tion line (S ) occurs slightly outboard of the footprints
of the primary vortex pairs. This occurs at F.S. 142
and ES. 184 as shown in Fig. 10(a) and at F.S. 107 to
F.S. 184 as shown in Fig. 10(b).



Comparison with Wind-Tunnel Test Results.

Forebody pressure distribution test results from a 6-
percent-scale F-18 wind-tunnel model* are correlated
with flight data at &« ~ 30° at Mo, ~ 0.30 and 0.60 and
at o = 50°, Moo ~ 0.20 in Fig. 11. Wind-tunnel data
were available at only three forebody fuselage stations,
ES. 107, 142, and 184.

In Fig. 11(a), flight and wind-tunnel data are pre-
sented for o = 30.0° and Mo, ~ 0.30. At these con-
ditions the comparisons are good, with the exception
being at F.S. 142 where the wind-tunnel data do not
indicate the footprints of the primary vortex pair at
6 ~ 160° and 200°. At E.S. 107, there appears to be
a kink in the wind-tunnel pressure distribution caused
by an LSB at § ~ 120° to 132°, which is slightly more
leeward than the flight values. The model and flight
Reynolds numbers (Rey) for all three stations are all
in the supercritical range even though the flight values
are almost an order of magnitude greater. The ECM
antenna-covers were not simulated on the model and
hence the peaks near § = 90° and 270° do not appear
in the wind-tunnel data at ES. 142,

At a ~ 30° and M, = 0.60, Fig. 11(b), there were
only fair comparisons between flight and wind-tunnel
test results. At thesc conditions, the wind-tunnel
maximum suction pressure peaks were approximately
ACp = 0.1 below the flight values. The kinks in the
pressure distributions caused by the LSB at E.S. 107
again are present and slightly offset. In addition, the
primary vortex footprints at FE.S. 142 again were not
evident in the wind-tunnel data.

Results from flight and wind-tunnel tests at o =
50.0° and M, ~ 0.23 are presented in Fig. 11(c). At
these conditions the comparison of the results is mixed.
The model Reynolds numbers (Rey) in this case are
critical, whereas the flight values are supercritical. The
footprints of the primary vortex are evident for both
the flight and wind-tunnel data. AtF.S. 107, the wind-
tunnel maximum suction pressure coefficients are ap-
proximately 0.2 below the flight values, however, the
location of the LSBs and the pressure distributions at
the primary vortex footprints agree well. At F.S. 142
the data at the maximum suction pressure peaks com-
pare well but the comparison is not as good at the pri-
mary vortex footprints. At E.S. 184, there appears to
be an asymmetry in the wind-tunnel pressure distribu-
tion that does not appear in the flight data.

Leading-Edge Extension Results

Examples of the off-surface flow visualization ob-
tained on the F-18 HARV from Ref. 15 are shown in
Fig. 12. As can be seen, the flow over the F-18 LEX
at high angles of attack is dominated by strong vorti-
cal flow. The vortical flow begins at approximately 10°
angle of attack and as the angle of attack increases, the
vortex core breakdown point moves forward toward
the LEX apex, as shown in the figure.

Effect of Angle of Attack

The effect of angle of attack on the LEX surface
static pressure coefficients is presented in Fig. 13 for
angles of attack from 10° to 50° at the low speed, 1-
g flight conditions. Pressure coefficients are plotted
from the LEX as a function of LEX span (y/s) as de-
fined previously in Fig. 3. As the aircraft angle of at-
tack increases from 10.0° 1o 25.8°, Fig. 13(a) and (b),
the LEX maximum suction pressure peaks increase
in magnitude and move inboard. Note the change
in scale for pressure coefficient for the data from the
forebody data. The maximum suction pressures are
much greater on the LEX than shown on the forebody.
AtFES. 357, & ~ 30° and above, (Fig. 13(b) and (c))
the effect of the LEX vortex core breakdown on the
pressure distribution can be seen. At o = 30°, vortex
core breakdown occurs very near F.S. 357 and moves
forward as angle of attack is increased. This causes
a marked decrease in the maximum suction pressure
peaks and a flattening of the pressure distributions at
a > 30°. Similar trends are noted at F.S. 296 and
ES. 253 for a = 39.3° and 45.4°, respectively. At the
highest angles of attack, Fig. 13(c), the flow becomes
less symmetrical, particularly at F.S. 253.

The pressure distributions from the leading-edge ex-
tensions at Mo, = 0.60 are presented in Fig. 14. The
trends described for the data at M, ~ 0.30 (Fig. 13)
hold for the data at the higher Mach numbers. That
is, the inward progression of the maximum suction
peaks, the increase in magnitude of the maximum suc-
tion pressure peaks up to vortex core breakdown, and
then the decrease and general flattening of the pres-
sure distribution beyond the LEX primary vortex core
breakdown. Also shown in Figs. 13 and 14 is the value
for C; as marked by the asterisk on the abscissa. Su-
personic flow is noted on the LEX for angles of attack
of approximately 19° and greater.



Effect of Mach Number

In Fig. 15 the effects of Mach number on the pres-
sure distributions on the LEXs are summarized for o ~
31°. At all three LEX orifice stations, a significant
effect of compressibility is shown by a reduction in
vortex-induced suction pressure as Mach number is in-
creased. Even the data at F.S. 357, where the suction
pressures are influenced by the vortex core breakdown,
were affected.

Correlation of Leading-Edge Extension Pressure
Distributions with Flow Visualization

Selected surface flow visualization results obtained
previously on the F-18 HARV and reported in Refs. 12
and 13 are presented in Fig. 16 for a ~ 30° and 47°.
Noted in the photos are the secondary (S,) and ter-
tiary separation lines (S3) as defined by the merging
of the surface streamlines. Also shown in the figure is
a schematic of the flow about the LEX.

The data from the surface flow visualization have
been correlated with the pressure distributions ob-
tained on the LEX in Fig. 17 at « = 30.0° and 48.1°.
Surface flow visualization was obtained only on the
left LEX. However, the separation line locations are
shown on both sides for comparison with the pres-
sure distributions since they were obtained at approx-
imately 0° sideslip and symmetry is assumed. At o ~
30°, Fig. 17(a), the secondary separation lines (S;)
correspond well with the end of pressure recovery out-
board of the maximum suction pressure peaks. The
tertiary separation lines (S3) seem to correspond with
the end of pressure recovery inboard of the secondary
suction peak near the LEX leading edge. The lateral lo-
cation of the primary vortex cores on the F-18 HARV
were determined with smoke visualization.!’ Their lo-
cations arec shown inFig. 17(a) at ES. 296 and ES. 357
and they were located just inboard of the maximum
suction pressure peaks. This agrees well with the lat-
eral position of vortex cores on a sharp delta wing sug-
gested by Hummel and Redeker?! and corroborated
by Seshadri and Biitefisch?®2 ~which showed the lateral
position of the vortex core coincided closely with the
maximum suction peak.

At « = 48.1°, Fig. 17(b), the LEX primary vortex
core breakdown occurred forward of F.S. 253 and all
three stations experienced turbulent, buffeting-vortical
flow while the aircraft was in a mild wing rock. At
ES. 296 and ES. 357 the pressure distributions were
essentially flat and did not have distinct suction pres-

sure peaks. At F.S. 253, the pressure distribution was
slightly asymmetrical and the end of pressure recovery
did not correspond as well with the separation lines.
This was partly because of the unsteadiness of the flow
and the difficulty in locating the separation lines at
this condition.

Correlation of Leading-Edge Extension Pressure
Distributions with Wind-Tunnel Test Results

In Fig. 18 the LEX pressure distribution test re-
sults obtained from a 6-percent-scale F-18 wind-tunnel
model,* are correlated with flight data at & ~ 30°,
Moo ~ 0.30 and 0.60 and at « = 50°, Mo, ~ 0.20.
Wind-tunnel data were available from only the upper
surface of the LEX. At ~ 30°, Fig. 18(a) and (b), the
wind tunnel tends to underpredict slightly the suction
pressures at ES. 253 and ES. 296. The correlation was
good at E.S. 357. Both the flight and wind-tunnel test
results indicate some asymmetry in the LEX pressure
distributions at o« = 50°, Fig. 18(c).

Concluding Remarks

Pressure distributions have been reported at angles
of attack from 10° to 50° and at Mach 0.23 to 0.60 at
five fuselage stations on the forebody and at three fuse-
lage stations on the leading-edge extensions (LEXs) of
the NASA F-18 high alpha research vehicle (HARV).
The reported results have been correlated with flow vi-
sualization results obtained during a previous investi-
gation on the F-18 HARV and with results obtained
from a 6-percent-scale F-18 wind-tunnel model.

The general trend in the data from the forebody was
for the maximum suction pressure peaks to first appear
at angle of attack (&) ~ 19° and increase in magni-
tude as angle of attack was increased. In addition, the
“footprint” of the primary vortex pairs first appeared
at @ ~ 25° at F.S. 142 and ES. 184 and progressed
forward toward the nose apex as the angle of attack
was increased.

The general trend of the LEX pressure distribution
was the inward progression of the maximum suction
peaks, the increase in magnitude of the maximum suc-
tion pressure peaks up to vortex core breakdown, and
then the decrease and general flattening of the pres-
sure distribution beyond the LEX primary vortex core
breakdown.

No significant effect of Mach number was noted for
the forebody results for the Mach number range re-
ported. However, at all three LEX orifice stations a



substantial compressibility effect resulted in a signif-
icant reduction in vortex-induced suction pressure as
Mach number increased.

The forebody primary separation line (S} ) as iden-
tified by the surface flow visualization, correlated well
with the end of pressure recovery leeward of the max-
imum suction pressure peaks. The location of the lam-
inar separation bubble (LSB) correlated well with the
kinks in the pressure distribution curves windward of
the maximum suction peaks.

The LEX secondary vortex separation lines, as de-
termined from flow visualization, corresponded well
with the end of pressure recovery outboard of the max-
imum suction pressure peak. The location of the LEX
primary vortex core, as determined by using smoke
visualization, was just inboard of the LEX maximum
suction peak.

Comparisons with forebody pressure distribution
test results from a 6-percent scale F-18 wind-
tunnel model were good at free-stream Mach num-
ber (Ms) ~ 030 and « = 30°, with the excep-
tion of the lack of footprints of the primary vortex
pairs in the wind-tunnel data. At o = 50°, the wind-
tunnel test results showed the presence of the footprints
but also exhibited some asymmetry not present in the
flight results.

On the LEX, at o ~ 30°, the wind tunnel tends to
underpredict slightly the suction pressures at some lo-
cations. Some asymmetry in the LEX pressure distri-
butions at o = 50° was observed for both the flight and
wind-tunnel test results.
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Fig. 2 Forebody and LEX pressure measurement stations.
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Fig. 6 Effect of angle of attack on forebody surface static pressure coefficients on the F-18 HARV at low speed
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(c) Closeup of nosecone, o ~ 47°,
Fig. 9 Concluded.
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Fig. 15 Effect of Mach number on LEX surface static pressure coefficients on the F-18 HARYV at o ~ 31.0°.
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Schematic of flow about LEX
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(b) a~47°.
Fig. 16 Surface flow visualization on left LEX of F-18 HARV,
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Fig. 17 Comparison of LEX surface static pressure coefficients with flow visualization results on the F-18 HARYV.
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Fig. 18 Comparison of flight- and wind-tunnel-measured LEX surface static pressure coefficients on the F-18.
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